We analyse the experiment by Hultgren et al. [Phys. Rev. A 87, 031404 (2013)] on orbital alignment and quantum beats in coherently excited atomic fine-structure manifolds produced by short-pulse laser photodetachment of C − , Si − and Ge − negative ions, and derive a formula that describes the beats. Analysis of the experimental data enables us to extract the non-coherent background contribution for each species, and indicates the need for a full density matrix treatment of the problem.
I. INTRODUCTION
In this paper we analyse the dynamics of quantum wave packets produced by coherent excitation of atomic fine-structure manifolds in laser photodetachment experiments, and probed by multiphoton ionization. We show that for atoms with np 2 3 P ground state the corresponding signal has a very specific shape, which we determine analytically and find to be in good agreement with experiment.
The development of laser pulses of few-femtosecond duration allows one to resolve the electron motion in valence shells of atoms and molecules in the time domain (see, e.g., [1] [2] [3] [4] [5] [6] ). Recently 100 fs pulse pump-probe experiments [7, 8] were carried out to investigate the dynamics induced by the spin-orbit interaction in neutral atoms. In these experiments C, Si and Ge atoms with outer np 2 configuration were prepared in the 3 P ground state by photodetachment of the respective half-filled valence shell negative ions (np 3 4 S) by a linearly polarized pump pulse. Upon interaction with the infrared laser pulse, the emission of p electrons with orbital angular momentum projection m = 0 is strongly favoured in comparison to m = ±1. This causes the formation of a state with an electron density hole localized along the pump laser polarization axis and constitutes the orbital alignment effect. Such a state is not an eigenstate of the atomic Hamiltonian when the spin-orbit interaction is included, but a superposition of the fine-structure levels 3 P J , which evolves in time according to the energy splittings in this manifold. This means that even for a light atom, such as C, the relativistic spin-orbit interaction is essential in determining the electron dynamics following the pump pulse. In Refs. [7, 8] this effect was probed by applying a time-delayed ionizing probe pulse and measuring the signal of ionized electrons for parallel and perpendicular polarization of the pump and probe pulses, as a function of the time delay.
The experimental findings demonstrated the dependence of the ionization yield on the time-varying hole density and the presence of quantum beat oscillations of the signal with the delay time for C and Si (with no distinct signal for Ge). This showed that electron dynamics resulting from the spin-orbit interaction could be observed for both lighter and heavier atoms. In a recent paper [9] Rey and van der Hart used R-matrix theory with time dependence (RMT) to model the experiment of Refs. [7, 8] . They calculated the electron spectra following ionization of carbon in the initial orbitally-aligned states with magnetic quantum numbers M L = 0 and 1, and observed significant differences between these two cases, matching the experimental findings. They also considered the evolution of the finestructure-state wave packet with the pump-probe delay time and simulated the experimental signal by integrating electron emission within the cone of 11.7 degrees around the polarization direction of the probe pulse with momenta p ≥ 0.4 a.u. The scaled normalized yield obtained in this way was found to be in good agreement with the experimental data from Ref. [8] .
In the present work we show that the experimental results can be described in a much simpler manner. We use the assumption (similar to that used in Ref. [9] and key to the experimental method of Refs. [7, 8] ) that removal of m = 0 electrons dominates both the photodetachment (pump) and subsequent photoionization (probe), and consider the motion of the np 2 3 P fine-structure wave packet in C, Si, or Ge. This gives a simple analytical expression for the signal as a function of the pump-probe time delay. In order to make comparisons with experimental results of Ref. [7] we scale the signal to account for the background counts that could be present under the experimental conditions. This allows us to analyse the contribution of background to the observed signal beats and to effectively describe the loss of coherence in the wave packets for systems with short beat periods.
The structure of the paper is as follows. In Sec. II we derive the expression that describes the beats of the signal due to the time evolution of the atomic-state wave packet. In Sec. III we use our analytical expression to model the experimental data and compare with the phenomenological simulation used in Refs. [7, 8] . Section IV provides brief conclusions.
Note that we use atomic units throughout.
II. THEORY
Before the arrival of the pump pulse the negative ions are in the np We assume that after an instantaneous photodetachment of an electron with m = 0, the atoms are produced in a np 2 3 P state at zero time delay, after which this state evolves according to the energy splittings of the fine-structure manifold. The initial state of the atom is described by its total orbital and spin angular momentum quantum numbers L and S with projections M L and M S , respectively, which we denote by |L, M L ; S, M S (or a superposition of such states, see below). In the LS-coupling scheme, the time evolution of the initial atomic state |L, M L ; S, M S is given by
where |J, M is the fine-structure energy eigenstate with the total angular momentum J,
and
To find the occupancies of the electron orbitals with m = 0 in |Ψ(t) , which determine the ionization signal after the probe pulse, we expand the fine-structure states |J, M in the basis of LS states |L, M L ; S, M S (see the Appendix for the explicit form of these in terms of the single-particle states),
where the second sum is over all M
The removal of an m = 0 electron from the initial M S = 3/2 anion state produces the atomic state |1, 0; 1, 1 . The subsequent time evolution of the atomic wave packet is found by applying Eq. (2) and evaluating the appropriate Clebsch-Gordan coefficients,
The corresponding ionization signal after the probe pulse is proportional to the probability of finding an m = 0 electron in the state (3),
for the parallel and perpendicular polarization of the probe, respectively. Here ω JJ ′ = E J − E J ′ , and the explicit forms of the atomic states given in the Appendix were used.
The removal of an m = 0 electron from the initial M S = 1/2 anion state produces a superposition of atomic states,
(see the Appendix), whose time evolution is given by
This gives the probabilities of finding an m = 0 electron at time t as
Note that since the Clebsch-Gordan coefficient C 10 1010 is zero, no interference is observed between the J = 0 and J = 1 sublevels. This is in agreement with the experimental analysis [7, 8] , which allowed for the presence of the ω 10 = E 1 − E 0 beat frequency, but found its contribution statistically insignificant. Note also that the sum S (i) +2S
(i) ⊥ = 2, independently of time, which could be expected since there are two orthogonal directions perpendicular to the polarization of the pump pulse.
The total signals for the parallel and perpendicular polarizations of the pump and probe pulses are proportional to S = S (1) + S (2) and S ⊥ = S
(1)
⊥ . (The initial anion states with M S = −3/2 and −1/2 give the identical contribution.) The normalized electron yield measured in the experiment is
Using Eqs. (4), (5), (8) , and (9), and allowing for a constant time shift t 0 related to the uncertainty of the zero time delay [8] , and for some signal background that may contribute to S and S ⊥ , we obtain
where S b and ∆S b are the sum and difference of the background contributions for the parallel and perpendicular polarizations. Such background can also account for reduced coherence of the wave packet when the pump pulse duration becomes comparable to or greater than the beat periods (see Sec. III). Note that a better quantity than that in Eq. (10) In analysing the experimental data, the authors of Refs. [7, 8] used the following phenomenological function our analytical formula (11) fitted using t 0 , S b , and ∆S b as free parameters, and (ii) the phenomenological five-parameter fit Eq. (12) used previously in Refs. [7, 8] . By varying the range of the time shift parameter t 0 in Eq. (11), several locally optimal fits may be achieved, the one with the smallest absolute value of t 0 being the overall best (shown by the solid red line). Figure 2 shows three fits for Ge, using only Eq. (11) and plotted similarly to Fig. 1 (a) and (c). A full list of fitted parameter values is in Table I .
Simulation of the experimental data by means of Eq. (11) for C and Si clearly shows the Table I . 1.24 ps, τ 21 = 0.23 ps and τ 21 = 39.11 fs for C, Si, and Ge, respectively.
By introducing the appropriate background parameters in the fits, good agreement with the experimental data is observed in Fig. 1 for C and Si. The best fits [shown by solid red curves in Fig. 1 (b) and (d)] correspond to the smallest absolute values of t 0 ( 100 fs), other t 0 values differing from it by ∼ τ 21 . For both atoms, the beat pattern is dominated by the τ 21 period component, with the τ 20 beat component producing a characteristic "knee" visible at even half-periods. A similar pattern was observed in numerical simulations for C by Rey and van der Hart [9] , but it is totally absent from the fit with the function f (t), Eq. (12), used in the experimental papers [7, 8] [black dash-dotted lines in Fig. 1 (b) and
For Ge, however, the oscillatory behaviour predicted by Eq. (11) does not provide a good description of the experimental data for any choice of parameters (see Fig. 2 ). A related feature of the data is that the scale of the oscillations becomes very small in Ge compared with C and Si. This can be seen from the fitted values of S b and ∆S b in Table I .
From Eq. (11), the time-independent part of the asymmetry is determined by the ratio Table I show that ∆S b /S b ∼ 0.05-0.1 for all three species, while the amplitude of the beats decreases from 0.05 for C, to 0.01 for Si, and 4 × 10 −3 for
Ge. The latter value is close to the size of error bars in the experimental data for Ge.
This behaviour is related to the effect of the pulse duration in comparison with the beat periods. In the derivation of Eq. (11), the removal of m = 0 electrons was assumed to be instantaneous, leading to fully coherent (pure) time-dependent states with wave functions (3) and (7). In the experiment [7, 8] the duration of the pump and probe pulses was 100 fs, which is much shorter the main beat period for C and shorter than that for Si, but is 2.5 times greater than τ 21 for Ge. As a result, the degree of coherence in the spin-orbit wave packet is largest for C, but becomes progressively smaller in Si and Ge. This results in the reduction of the coherent (oscillatory) part of the signal, with the atomic states produced by the pump becoming closer to a classical ensemble rather than a quantum superposition.
The spin-orbit wave packet in Ge (and to a lesser extent, in Si) is also affected by strong dependence of the multiphoton detachment rates on the threshold energy. This leads to a greater suppression of the detachment probability for higher-lying final atomic states with we estimate that for a laser pulse with wavelength λ = 2055 nm (as in Refs. [7, 8] ) and intensity I = 2 × 10 12 W/cm 2 (for which the total detachment probability over 100 fs is close to unity), the increase in the threshold energy from the J = 0 to J = 2 state leads to 2%, 7%, and 40% reduction of the detachment rate, for C, Si, and Ge, respectively. As a result, the contribution of the J = 2 state to the wavepacket (1), which is critical for the magnitude of the beats, can be reduced below the values predicted by the LS-coupling coefficients.
The above analysis makes it clear that a complete description of the beat character and spin-orbit coherences of the atomic ensemble requires a density matrix consideration of the problem [2, 5, 12] . Depending on the pump pulse length, strong-field detachment may not generally produce perfectly coherent aligned states. The elements of the density matrix in the |J, M basis can be determined by calculating the detachment amplitudes for a variety of pulse lengths using existing theory of strong-field photodetachment (e.g.,
Keldysh-type theory [11, [13] [14] [15] [16] ). In this approach the diagonal elements will represent populations of different atomic fine-structure levels for a given M, and the magnitude of the off-diagonal elements will describe coherences between the J states. The degree of coherence is then described by the ratio of the off-diagonal elements to the geometric mean of the corresponding diagonal elements. Calculations for the halogen negative ions, whose detachment leads to two fine-structure atomic states, show that the degree of coherence is a function of the ratio τ p /τ JJ ′ , where τ p is the laser pulse length [12] . For τ p /τ JJ ′ ≪ 1 the degree of coherence is close to unity, but it drops quickly for τ p /τ JJ ′ ∼ 1 and reaches few-percent values for τ p ≈ 2τ JJ ′ , which is similar to the situation in Ge.
IV. CONCLUSIONS
We have investigated the evolution of the ground-state spin-orbit wave packets in carbon, silicon and germanium atoms produced by detachment of m = 0 electrons from half-filled valence np 3 negative ions. A simple analytical formula that describes the time-changing alignment of electron orbitals, as probed in the pump-probe experiment, has been derived and applied to the analysis of experimental data [7, 8] . For C and Si the theory provides a good description of temporal beat oscillations which demonstrate the existence of a coherent superposition of the fine-structure sublevels of the atomic triplet state. The sharp suppression of the coherence degree observed experimentally for Ge demonstrates that the assumption of an instantaneous pulse is insufficient for atoms with shorter beat periods (in the femtosecond range). This calls for a full density-matrix consideration of the problem that would provide a complete description of partially coherent dynamics occurring in spin-orbit manifolds of general atoms with l ≥ 1 valence electron orbitals.
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Using states (A.3)-(A.7) it is straightforward to work out the relative probabilities of removing m = 0 electron by the ionizing probe pulse with polarization parallel to the pump pulse.
For the perpendicular probe polarization, one needs to expand the angular parts of the np electron wave functions Y 1m (θ, φ) in terms of the spherical functions in a coordinate frame with the z axis perpendicular to the original z axis [17] : 
